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t’s A New Day... RO

Center for'Ren ewable Carbon

=

&

Renewable Carbon /;-

e The structural biomass (non-
food) component produced
from photosynthesis -
lignocellulose

9

i =
Fossil fuels,
cement, and
land-use

e Traditionally sourced for - ,‘/
. . 0 Net terrestrial. =
materials applications uptake
3 e if
* Expanded emphasis on . el
fuels, and chemical Soilcarbon  decomposition
energy, fuels, and chemicals on

* Accelerated convergence of
agricultural and forest sectors

Emerging new toolbox for

F' :
carbon management ?183'5(5;))01

. ' "' UT Institute of Agriculture, Knoxville, Tennessee




A Multi-Faceted Mission... CRC

e Coordinate UTIA’s renewable
carbon systems R&D

* |Innovate in process technology
producing fuels, materials, and
chemicals from renewable
carbon

e Support production and
conversion system
demonstrations

e Educate and train the new
workforce

* Transfer knowledge on
renewable carbon technologies
to a broad client base

.I UT Institute of Agriculture, Knoxville, Tennessee




tructure and Capacity... - CRC

Center for Renewable Carbon

* The Forest Products Center
expands research leadership
role as Center for Renewable
Carbon

* Continue programmatic
emphasis on wood materials

* Bioenergy Science and
Technology (BeST) Lab —
occupancy scheduled for
October 2010

e State-of-the-art
instrumentation through
partnership with Perkin-Elmer
Life Sciences

-

UT Institute of Agriculture, Knoxville, Tennessee




urrent CRC Programs

UT Biofuels Initiative

The Sun Grant
Initiative

Wood Utilization
Research Grant

-

Bioenergy Production
and Carbon Cycling

-

Center for'Ren ewable Carbon

e Tennessee funded program to demonstrate the technical and economic
feasibility of cellulosic fuels; involves a partnership between UT, Genera
Energy, and DuPont-Danisco Cellulosic Ethanol (DDCE)

e Multi-faceted program to accelerate development of alternative energy
from renewable carbon sources that is administered by Oregon State
Univ., SD State Univ., Oklahoma State Univ., Cornell, and Univ. of
Tennessee. Partner agencies include DOT, DOE, and USDA.

e USDA sponsored program to support research and development
innovations in wood and related material systems to improve the
competitive position of the forest products industry. The program is
conducted by 14 land-grant universities across the nation.

e USDA sponsored program to assess the effect of land-use history on soil
carbon sequestration and below-ground ecology of switchgrass
production. Also, the impact of biochar from different sources on
productivity are under investigation.

.I UT Institute of Agriculture, Knoxville, Tennessee



he Sun Grant Center | CRC

Center for°Ren ewable Carbon

Topic Area Distribution

New Crop Development
Sustainable Production
System Logistics

Feedstock Preparation

Conversion Technology

* Portfolio of $4.25 M in projects across
the southeast region’s land-grant
universities (RFP’s in 2007 and 2009).

* Additional RFP under development for
January 2011 release.
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egional Feedstock Partnership CRC

Feedstock Categories Sun(srant Regional Feedstock Partnership
iINiITiATIVE Current Field Site Locations
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Center for Renewable Carbon

argeting New Information Needs CRC

POLYSYS - FOR
*POLYSYS is the standard bearer land- }, | | 54
use allocation model in the agricultural ), [ To

sector
*Introduced new module to consider &
agricultural and forest g
biomass...simultaneously

*Allows for apples-to-apples analysis of
biomass production from both sectors
*Lead — Dr. Burt English

/ Dry tonsikm

‘r 19:28 -75 100
- 25-%0 -100 150
I 0 Vel - > 150

*New biorefinery site evaluation tool
that incorporates agricultural and forest
biomass

*Emphasizes transportation network = SunGrant
and resource competititon | INITIATIVE

, U.S. DEPARTMENT OF
sLead — Dr. Tim Young Southeastern Regional

YENERGY
Center

UT Institute of Agriculture, Knoxville, Tennessee




Center for Renewable Carbon

he-Biofuel.sInitié-ti\'/e o S RC

FILM 0251 10

v Demonstrate cellulosic biofuels .' . ' . 8 8
v’ Develop a regional bioenergy crop

v Advance R&D capacity in biomass
production and processing

v’ Establish a commercialization
pathway for the state and region

3 omr oo 322 M WA 3
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he R&D Capability - CRC

Center for'Ren ewable Carbon

* A unique laboratory
setting

* A unique opportunity
to resolve challenging
barriers

* An obligation to fully
utilize the resource

— Engage appropriate
skills

— Maximize
collaborative
relationships

— Draw on partnerships

. ' " UT Institute of Agriculture, Knoxville, Tennessee




Providing Vital Information ' CRC

* Environmental and ecological
effects of switchgrass
— Partnering with CBES and ESD
(ORNL)
* Carbon sequestration in
switchgrass ecosystems
— Interdisciplinary research team of
engineers, economists, ecologists,
chemists
e Variability in feedstock quality —
site, variety, and temporal effects

— Process optimization insights for
switchgrass

.I UT Institute of Agriculture, Knoxville, Tennessee




Providing Vital Information ‘ CRC

Sugar Content

 Chemical composition varies .

. . . I I Wi I L . L B l
slightly between sites, as .
well as location in the field
‘SRR y
— Directly related to product yield { i { [ [

Dry Basis (%)

~

e The amount of “free” sugars -
are impacted by time of
. . Sugars Detected in Switchgrass Extractives
harvest, declining
dramatically from October
to December

— Present unique process
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Dr. N. Labbe, et al, 2010

UT Institute of Agriculture, Knoxville, Tennessee




ell Wall Constituents CRC

- — Switchgrass Chemical Composition
e I con
& o o P
HOC—CH—CH,OH ¢ Tl - . | h
-
o | SO

M Cellulose " Hemicellulose

HLO—--

Typical lignin structure. . Lignin Extractives

UT Institute of Agriculture, Knoxville, Tennessee
-



‘Biomass Fractionation | CRC

|* Disrapt e —

Disrupt ce|| wall stryctyre
®
Improve €NZyme access

Solvent Fractionation

“Activated” Cellulose

> * Release sugars from

carbohydrate

e C-6 and C-5 sugars are

C5 Sugars
converted to ethanol

> |

e Separation of ethanol

Dr. J. Bozell, et al

. ’ UT Institute of Agriculture, Knoxville, Tennessee

ulusi




nnovative Coproducts... CRC

CNT’s introduce

I-.Iigh-strfength,’,_ unique properties
light weight for electronics
composites

for various y : OAK
markets Lignin Fiber High surface RIPGE

area for gas

storage (H,)
nﬁcations

Carbon Fiber CNT Carbon Fiber

Value Added

Fuel = $S200/dt
Fiber = $2000/dt

AccV SpotMagn Det WD Exp
}30.0 kv 5.0 40000x SE 10.0 83887

Dr. D. Baker and D. Harper

.I UT Institute of Agriculture, Knoxville, Tennessee

AccV SpotMagn Det WD BExp 1 10pm
100KV 50 2000x SE 98 82288



Center for°Ren ewable Carbon

“oncluding Remarks B OLRC

* The Center for Renewable Carbon brings a
new perspective and scope to bioenergy R&D

 The CRC relies on interdisciplinary approaches
to address complex questions and barriers

 The CRC provides for near-term information
needs, and provides direction for long-term
systems innovation

UT Institute of Agriculture, Knoxville, Tennessee



hank You! - CRC

Center for Renewable Carbon

Ol A |

Center for Renewable Carbon

University of Tennessee 865.946.1130 (Office)
Institute of Agriculture 865.946.1109 (Fax)
2506 Jacob Drive
Knoxville, TN 37996-4570 www.UTBioenergy.org

UT Institute of Agriculture, Knoxville, Tennessee
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BioEnergy Science Center:
An Integrated Strategy
to Understand

Biomass Recalcitrance

Presented at the:

Tennessee Alternative Fuels and
Bioenergy Conference

August 15-17, 2010

Paul Gilna, Director
BioEnergy Science Center

20 QCC ,
0 f‘DCy\J | RIDGE

National Laboratory

Bio€nergy Science Center



BioEnergy Science Center

223, U.S. DEPARTMENT OF

An Integrated Strategy BESC: A multi-institutional
to Understand DOE-funded center

Biomass Recalcitrance

Samuel Roberts Noble Foundation - § ] -
National Renewable Energy & k 4 \ )
Laboratory \~ \ \\ \ \ \ 9
Brookhaven National Laborator 9\9 | ‘ \
University of California—Riverside ™ | ‘ i ) j :
Cornell University _\ o ) k
Washington State University X g L by

N WY
University of Minnesota

North Carolina State University
Virginia Polytechnic Institute 322 People
University of California—Los Angeles in 20 Institutions

&=

Oak Ridge
National Laboratory

University of Georgia

University of Tennessee

Dartmouth College

Georgia Institute of Technology

West Virginia University

ArborGen, LLC
Ceres, Incorporated
Mascoma Corporation

Verenium Corporation

=90 DCCr
= 1= =\ (

¥~ IS
BioEnergy Science Center




U.S. DEPARTMENT OF

&) ENERGY

It’'s about who and how (as well as what)

SCIENCE RETREAT DECEMBER 2008

SCIENCE RETREAT JUNE 2009

@D()E Bioenergy
Research Centers .
DOE GENOMICS:GTL BESC is a U.S. Department of Energy

SYSTEMS BIOLOGY

( BV Bioenergy Research Center supported by
SR the Office of Biological and Environmental 22 RECC
7= Office of : J : ) 0= 1DCO\L
(O science Research in the DOE Office of Science BioEnergy Science Center

U.S. DEPARTMENT OF ENERGY



U.S. DEPARTMENT OF

WENERGY

DOE Bioenergy Research Centers

3 BRCs launched in FY 2007 to pursue transformational science for new, sustainable biofuels

== DOE BioEnergy Science Center
Oak Ridge National Laboratory
Oak Ridge, Tennessee
Cornell University
Ithaca, New York

DOE Great Lakes Bioenergy Research Center

University of Wisconsin
Madison

DOE Joint BioEnergy Institute
Lawrence Berkeley National Laboratory

Berkeley, California

Carnegie Institution for Science at Stanford University

Palo Alto, California
University of California

Berkeley
Lawrence Livermore National Laboratory

Livermore, California

Sandia National Laboratories
Livermore, California

University of California

r Davis
Sandia National Laboratories
Albuquerque, New Mexico

Multi-institutional partnershi
Multi-disciplinary teams

Pacific Northwest National Laboratory
Richland, Washington

lowa State University

Ames

Dartmouth College
Hanover, New Hampshire

Verenium Corporation
Cambridge, Massachusetts

Mascoma Corporation
Boston, Massachusetts
Brookhaven National Laboratory
Upton, New York

Virginia Polytechnic
Institute and State University

Blacksburg
University of Tennessee
Knoxville
North Carolina State University
Raleigh
University of Georgia

Athens
Georgia Institute of Technology

Atlanta

ArborGen
Summerville, South Carolina

lllinois State University

Normal
Lucigen Corporation
Middleton, Wisconsin
Oak Ridge National Laboratory
Oak Ridge, Tennessee
GLBRC Partner
Michigan State

University
East Lansing

University of Minnesota
St. Paul

The Samuel Roberts
Noble Foundation
Ardmore, Oklahoma

National Renewable
Energy Laboratory
Golden, Colorado

Washington State University
Pullman

University of California
Riverside
24

Ceres

[l DOE Joint BioEnergy Institute (JBEI) and Partners

o DOE BioEnergy Science Center (BESC) and Partners

A DOE Great Lakes Bioenergy Research Center (GLBRC) and Partners

Thousand Oaks, California
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Access to the sugars
In lignocellulosic biomass
IS the current critical barrier

P  Overcoming this barrier
y tg;onsohdat_ed will cut processing costs
1Oprocessing significantly and be used

@3& i ~ Chemical in most conversion processes
catalysis ~ _

~ Butanol

~ Conventional - This requires an integrated
enzyme fermentation multidisciplinary approach

Modified plants

to field trials Year 5 Year 4
New or improved

microbes to development Year4-5  Year 3-4
Analysis and IR

screening technologies

=290 DC

| = am
ot | -
BioEnergy Science Center
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A two-pronged approach ) ENERGY

to Increase the accessibility
of blomass sugars

Modify the plant cell wall Improve combined microbial
structure to increase approaches that release
accessibility sugars and ferment into fuels

/—__/ =
-
—— —_

/ __// E
/ﬁ- ‘ﬂr/’ niymes
-, ~ -
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Microbe

Plant Cell
Wall

Switchgrass
9 2 Lignin  ~ Hemicellulose — Cellulose

Both utilize rapid screening for relevant traits followed by detailed analysis of selected samples

+2BESC

BioEnergy Science Center
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Genetic block in lignin biosynthesis ©) ENERGY

In switchgrass increases ethanol yields

Phenylalanine =» PAL

HOOCx\Q

Agrobacterium- _ t
: cinnamate . . .
mediated Lignin Ethanol yield
transformation C4H 1 th 0.35
of switchgrass HOOC~ (5o Lty -
= 4-coumaric acid %j 030
T -
4CCA: . =3 o025
PO IO 52
4-coumaroyl CoA HCT  4-coumaroyl o 8 0.20
CCR 1 shikimic acid - ©
or quinic acid o & 0.15
H =9
PO CSHE Z @
4 R-O o 0.10
-coumaraldehyde PEN <:/< oH S5
CAD ® caffeoyl ©
} £ oos
HOHzcx\Q—OH or quinic acid L
4-coumaroyl alcohol 0.00 Wild type Noble
. OH switchgrass Foundation
.l : CAS?‘—<:§LOH transgenic
caffeoyl CoA switchgrass
CoAs He OCHs
>/_¥C§* T OCHs HOHC OH
feruloyl CoA HOHzC\\d—OH :2 oH
CCR 1

CAD ; F5H 5-hydroxyconiferyl alcohol
/ coniferyl alcohol F5 \COMT
CH
OCHs

OCHs
H
L OH
o)

COMT

/
coniferaldehyde HOH:C—~ . .
mgﬂgﬁﬂﬁ X. Fu and Z. Wang (Noble), \ " :§ o — >/‘¥QOH — o= S lignin
N J. Mielenz (ORNL), cto CAD s
FOUNDATION support from USDA/DOE 5- hydroxyconlferaldehyde sinapaldehyde sinapyl alcohol



The BESC Transformation Pipeline
(TP) is Fully Operational for BESC

Plant Wall Mutants

450 genes submitted to TP; 326
genes accepted

B nucleotide-sugar

477 constructs accepted in TP: SVTVP
(353 Populus, 124 . CWP-R
Switchgrass/VIGS) [ S .S:ysac o
50 Populus construct lines sent to = Lignin
Pls: (1030 lines; ~10,000- f:‘w'a”fa”sp"”
20,000 plants)  signalling

Other

79 Virus Induced Gene Silenced
(VIGs) (foxtail millet) Constructs

45 stable Switchgrass
transformation

J

(1]

RIC Y

(o)

BioEnergy Science



Mining variation to identify

key genes in biomass composition

and sugar release

Collected ~1300 samples
for Populus association
and activation-tag study

Columbia
(Longview) ,

100 mi
200 km

A Existing collections (N = 500; 1-2 trees/site) b Ve
@ New collections (N = 580; 140-160 trees/site) |
{ G

High-throughput
screening pipeline

+ Create genetic marker map
to identify allelic variation

* |dentify marker trait association

Sugar
release
assay

, U.S. DEPARTMENT OF

'ENERGY

Cell wall
biosynthesis database

Establish common gardens for association and
activation- tag populatlons with thousands of plants

a_\é J‘) — C
‘ (_'_)\_J

BloEnergg Science Center
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Strategy, part 2: &) ENERGY

Measure, understand, and model
biomass recalcitrance

Biomass formation Characterization Biomass deconstruction
and modification and modeling and conversion
e . Enzymes
Poplar -
b * . Microbe
- -{_“ . Plant Cell 2 Lignin  ~ Hemicellulose -~ Cellulose

Wall

0=BESC

BioEnergy Science Center
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High-throughput characterization

nipeline for the recalcitrance
ohenotype

Screening thousands of samples

Composition analytical Pre-treatment Enzyme digestibility
pyrolysis, IR, confirmed new method with dilute » sugar release
by wet chemistry acid and steam with enzyme cocktalil

Detailed chemical and structural analyses of specific samples

= . C
BioEnergy Science Center




The High-Throughput Pretreatment
and Hydrolysis (HTPH) System has

Analyzed >10,000 Samples for
Composition and Digestibility

SR, U.S. DEPARTMENT OF

E
Z\ S
2\ %
RN

Table 1. Unique BESC samples submitted and analyzed by HTP pipelines (not including replicates).

CRCC ORNL UCR Noble U. Tennessee Total

Analytical 138 795 11 140 5248 6332
Pyrolysis

Recalcitrance 112 807 147 5248 6314

Table 2. Samples from Industrial, International, and eternal collaborations.

ArborGen | Purdue | U.Copenhagen | Edenspace | Total
Analytical Pyrolysis 640 3000 3640
Recalcitrance 24 731 1100 120 1975

~0 RCCr
ot I i
BioEnergy Science Center




High-throughput screening
to analyze natural Populus trees

Screening of 1200 natural Populus trees
Hot water as pretreatment only

U.S. DEPARTMENT OF

ENERGY

Sugar release varies from 25% to >90% of theoretical value

0.8 0.9
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o 02 BESC .! ® 2
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o BESC o 0.2
@ BESC =
It} 0.1 |+ esesc < 01
(o] @ BESC
= @BESCAS Set#9
0.0 T T T T T T 0.0
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S/G Lignin Ratio % Lignin

Environmental vs genetic?
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Detailed analysis of specific samples

U.S. DEPARTMENT OF

WENERGY

iInform cell-wall chemistry and structure

Detailed
analysis

- Detailed
analysis

Crl, %

NMR for
~ cellulose
crystallinity

15 20
Hdl s time, hr

@Georgla

Fractionation
and
chromatography

AFM of
switchgrass

showing W2
ceIIquse(u »N?:'_
| microfibrils *s*

Bio-ultraCAT/ =
3-D density @,
of Populus & 4 e

cell walls
R Immuno-
OAK localization using
RIDGE wall antibodies
National Laboratory on SWitChgraSS @
The Umver‘si'!cgf of Georgia
Mass
spectrometry
for key
metabolites -
i OAK
RIDGE
National Laboratory
2D 'H-NMR
sees altered )
bonds m, The Umver;iigf of Georgia
polysaccharides
and lignin .

in biomass ~cr
J; CO\L

BT o B|oEnergg Science Center



=+ U.S. DEPARTMENT OF

Strategy, part 3: )JENERGY

ldentify, understand, and manipulate
“biological catalysts” to overcome

recalcitrance
Biomass formation Characterization Biomass deconstruction
and modification and modeling ~and conversion

\ 3 o
VA

* T 0,
ST Wegh Poplar
b2 e

Switchgrass — .
_.. Plant Cell Lignin Hemicellulose Cellulose

Wall

+2BESC

BioEnergy Science Center




£, U.S. DEPARTMENT OF

Enzymatic and microbial hydrolysis
A fundamentally different relationship
between microbes and cellulose

Enzymatic hydrolysis (classical approach) Microbial hydrolysis (CBP)
® ® * ®
e e Cellulase ° Cellulase
° enzyme(s), E ° enzyme(s), E
—— .# ® ® e —
Microbes, M Microbes, M
Cellulose, C (non-cellulolytic) Cellulose, C (cellulolytic)
* Hydrolysis mediated by CE complexes * Hydrolysis mediated mainly by CEM complexes
* Enzymes (several) both bound and free * Enzymes both bound and free
* Cells may or may not be present * Cells both bound and free

C. thermocellum
on poplar
(Morrell-Falvey

and Raman, ORNL)

Yeast, enzymes
with biomass
(Dumitrache
and Wolfaardt)

2 J —*‘.r’_' r—lﬁ

) = 1 o
- | A
BioEnergy Science Center
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&) ENERGY

Cellulosome of C. thermocellum

cellulases and xylanases
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3D electron tomography
of C. cellulolyticum

Tomogram slices and surface rendered segmentatron of bacterial cells and tethered ceIIqusomes C- E Serral slices taken every
~8 nm through tethered cellulosomes. These tethers are seen at one end of most polycellulosmes found near the bacterial cell
surface and are ~5 nm in diameter and up to 50 nm in length.
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BioEnergy Science Center




=+ U.S. DEPARTMENT OF

&) ENERGY

CBP organism development yeast

100.0

Cellulase expression in Mascoma yeast
(robust C5/C6 fermenting) vs time

» >3000-fold improvement in expression levels over 20 months

 Reduces commercial cellulase addition by more than half

Cellulase (mg/g DCW)

24.0

13.0

0.62 0.03 -
C

T. reesei cellulase T. reesei cellulase Proprietary cellulase ellulase expression  Cellulase expression
in yeast in Mascoma in Mascoma in Mascoma in Mascoma
(Reinikainen et al.) yeast yeast yeast yeast

W2 BESC

39 % M A S C O M A BioEnergy Science Center
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- National Geographic, The Jason Project, filmed
and generated an educational module on
bioenergy with BESC researchers

— This module is available from www.jason.org
« Created an interactive biofuels outreach lesson for
students in Grades 3-8

— Piloted more than 220 lessons which reached
over 6,000 students

— Partnered with the Creative Discovery Museum

— Available on www.bioenergycenter.org

 Piloted ten Biofuels Family Science Nights
with an average attendance of
250 people each

=20 DNCCr
= =S = \(
n I i

BioEnergy Science Center
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Industrial partners facilitate W ENERGY

strategic commercialization

BOD: Commercial
Representatives

PipeI'Ja,ffl_qay® Catchlight ‘

Energy

AChevron | Weperhseuser

CBP |

MASCOMA _
s /@%BESC\ EEEEEEEEEEEEEEEEE

Switchgrass \ BioEnergy Science Center Populus L

C

c e r e s

Enzymes

ARBORGENgS

Commercial Affiliates N

BATTELLE | VENTURES {Mende|

-

BioEnergy Science Center
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BESC Highlights 2008—-August 2010

187 scientific publications 200

— 33% of publications include external
collaborators at non-BESC Institutions

— Several publications in top tier Journals 100 T

B New Pubs =—e— Total

150

BESC publications have already been cited
495 times in peer-reviewed journals 0 -

Mar Sept Mar Sept Mar

24 invention disclosures filed 2008 2008 2009 2009 2010

National Geographic, The Jason Project, filmed and generated an educational
module on bioenergy with BESC researchers

— This module, Operation: Infinite Potential,
won three 2010 CODIE awards for
best instructional solution grades K-12

Over 275 scientific presentations
at meetings and conferences worldwide

20 NCCrr
| = -
ot | A
BioEnergy Science Center
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Thank you

SCIENCE RETREAT JUNE 2010

@DOE Bioenergy
R h Cent .
iRt BESC is a U.S. Department of Energy

SYSTEMS BIOLOGY
FOR ENERGY AND

Bioenergy Research Center supported by

the Office of Biological and Environmental 22BESC
~=y Office of . . ) o D D \
4 Science Research in the DOE Office of Science BioEnergy Science Center

U.S. DEPARTMENT OF ENERGY



